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Can coupled cluster singles and doubles be approximated by a valence
active space model?

Gregory J. O. Beran, Steven R. Gwaltney, and Martin Head-Gordona)

Department of Chemistry, University of California, and Chemical Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720-1460

~Received 7 November 2001; accepted 21 May 2002!

A new, efficient approximation for coupled cluster singles and doubles~CCSD! is proposed in which
a CCSD calculation is performed in a valence active space followed by a second-order perturbative
correction to account for the inactive singles and doubles cluster amplitudes. This method, denoted
VCCSD~SD!, satisfactorily reproduces CCSD results in a variety of test cases, including
spectroscopic constants of diatomic molecules, reaction energies, the Cope rearrangement, and other
relative energies. Use of VCCSD alone is significantly less satisfactory. Formally, theO2V4 scaling
of CCSD is reduced too2v2V2, whereo is the number of active occupied orbitals,v is the number
of active virtual orbitals, andV is the total number of virtual orbitals. We also investigate the role
of orbital optimizations and the appropriate choice of an active space in such methods. ©2002
American Institute of Physics.@DOI: 10.1063/1.1493181#
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I. INTRODUCTION

Despite recent advances in computer hardware, accu
ab initio electronic structure calculations on large molecu
remain difficult due to the high formal scaling of the com
putational cost of standard wave function-based correla
methods. The widely used second-order Møller–Plesset
turbation theory~MP2! scales formally asN5, and the gen-
erally more accurate coupled cluster singles doubles~CCSD!
method scales asN6, whereN is the number of basis func
tions. However, these formal scalings are unphysical,1 and
one would like to reduce this formal scaling using approp
ate physical and numerical approximations.

One such approach to reducing this high cost has b
through the so-called local correlation methods pioneered
Saebø and Pulay.2,3 In methods of this type, molecular orbi
als are localized in some fashion and excitation amplitu
~whether in the context of MP2 or coupled cluster theori!
are explicitly treated only between orbitals within some p
defined spatial distance. Though highly efficient and of
quite accurate,4 these methods contain a degree of arbitra
ness in how these cutoffs are defined and also can pro
discontinuous potential energy surfaces as molecular ge
etry changes.3 These problems can be avoided at additio
computational cost by utilizing different criteria for selectin
significant excitation amplitudes. One such model imp
mented for MP2 is the TRIM model,5 in which only double
excitations with one occupied and one virtual orbital on
common atom are retained. Another alternative is to
atomic orbital basis cutoffs directly.6,7

The purpose of this paper is to explore whether effici
approximations to CCSD can be formulated in a two-sta
approach, similar to that employed in methods which fi
treat static correlation in an active space, followed by d
namical correlations associated with orbitals outside the

a!Electronic mail: mhg@cchem.berkeley.edu
3040021-9606/2002/117(7)/3040/9/$19.00
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tive space. This is the strategy used in the CASSCF/CASP
pair of methods, for example.8 However, instead of the fac
torially expensive CASSCF treatment of the acti
electrons,9 we will use CCSD itself in the space of all va
lence orbitals. A subsequent second-order correction out
the valence space will be performed using our recently
veloped similarity-transformed perturbation theory.10–13

The motivation for doing this is both physical and alg
rithmic. We expect that beyond-valence correlations
weaker and will thus be more satisfactorily treated by pert
bation theory than valence correlations. Furthermore, wit
the valence space, approximations to CCSD can be stro
than in the full space—for example the perfect pairing ge
eralized valence bond~PP-GVB! approximation14–17 retains
only a linear number of pair excitations. Generalizations
restricted pairing18–20 retain only a small quadratic numbe
of amplitudes. Thus, one can potentially combine the abi
of these methods to treat very large active spaces with lo
MP2-type models for the beyond-valence correlation.

This paper takes the first step towards this general
jective by addressing the extent to which an approximat
of this type can be faithful to full CCSD. We do this by firs
obtaining an appropriate set of valence orbitals~in the 1:1
active space, where each valence occupied orbital is ass
ated with a correlating antibonding orbital, as in perfect pa
ing!. The reference CCSD calculation is performed in th
limited valence space, with no local approximations. Sub
quently, the second-order perturbative correction is p
formed with only single and doubles terms as needed
mimic full CCSD. This hybrid theory is defined in the fo
lowing section, and its computational cost in the absence
local approximations is discussed. It is then tested aga
full CCSD for a range of structural and energetic properti

II. THEORY

Our target level of theory is the standard CCSD meth
which involves a wave function of the following form:
0 © 2002 American Institute of Physics
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uCCC&5eT̂uF0&, ~1!

T̂[T̂11T̂25(
i ,a

t i
a$âa

†âi%1
1

4 (
i , j ,a,b

t i j
ab$âa

†âi âb
†â j%, ~2!

Here i , j ,k, . . . , refer to occupied orbitals, an
a,b,c,..., refer to virtual orbitals. The energy and unknow
cluster amplitudes are obtained by minimizing the functio

FCCSD5^F0u~11L̂!e2T̂ĤeT̂uF0&, ~3!

where

L̂[L̂11L̂25(
i ,a

la
i $âi

†âa%1
1

4 (
i , j ,a,b

lab
i j $âi

†âaâj
†âb%,

~4!

by forcing the derivatives of the functional with respect
the l and t amplitudes to be stationary. Symbolically, th
may be written as

]FCCSD

]L̂
50,

]FCCSD

]T̂
50. ~5!

In CCSD, the occupied orbitals may be restricted to o
valence orbitals~e.g., a frozen core approximation!, but no
restrictions are usually imposed on the virtual orbitals.

We approximate the full solution of the CCSD equatio
in two stages. The first step is to solve the CCSD problem
just a valence space. In other words, we restrict thet andl
amplitudes such that excitations occur only within an act
space of valence orbitals. The second step is the additio
a perturbative second-order correction for beyond-vale
correlation.

We consider that active spaces appropriate for gen
chemical applicability are ones which correlate all valen
electrons. Two principal alternatives are the full valence (V)
active space and the perfect-pairing or~1:1! active space
~PP!. Disregarding spatial symmetry, the full valence spa
defines the active orbitals to be equal to the number of
lence atomic orbitals. The PP space~for closed-shell mol-
ecules! defines the number of active orbitals to be twice t
number of occupied valence orbitals, where there is~at least
in principle! one correlating orbital for each occupied orbita

To apply CCSD within a valence active space means
the active orbitals must have been optimized by anot
method. After all, one should not simply choose the low
virtual orbitals from a Hartree–Fock calculation to be t
active orbitals. As the basis set size grows, these lowest-l
virtual orbitals become low-energy, diffuse Rydberg orbit
which cannot properly correlate occupied valence bond
orbitals. Correspondingly, the magnitude of the correlat
energy from such a calculation limits toward zero as
basis set approaches completeness—clearly an unphy
result!

Several reasonable choices for valence optimized or
als are possible. First, one could choose orbitals from a
lence optimized orbital CCD~VOD!21 or QCCD22 calcula-
tion. However, these calculations are still relative
expensive. In particular, they are far more expensive t
performing CCSD in the valence space, presuming the or
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als are available. It is therefore expedient to use a str
local correlation approximation, which will permit~rela-
tively! inexpensive optimization of the valence active spa
The local correlation approximation need not be quant
tively accurate; it must simply yield a reasonably faithful s
of valence orbitals.

One such possibility is perfect-pairing CCD, whic
yields approximate PP orbitals, based on retaining onl
linear number of amplitudes.18,23,24A related possibility is to
use imperfect-pairing~IP! CCD, which also determines ap
proximate PP orbitals, but based on retaining a quadr
number of double excitations.18 Because of the increase
flexibility in the IP functional, the orbitals obtained hav
been found to be closer to the VOD-optimized orbitals, a
we therefore adopt it as our source of valence optimiz
orbitals. We therefore also adopt the PP active space. In s
mary, VCCSD calculations involve optimization of the P
active space within the IP ansatz followed by CCSD with
local correlation approximations in this valence space.

As the VCCSD calculation is performed only within th
PP valence space, it recovers only a modest fraction of
total correlation energy, perhaps in the vicinity of 20%
40% and diminishing with larger basis sets. Valence corre
tion can be viewed as a definition of static or nondynami
correlation energy. To approach quantitatively accurate
sults, it is likely that a correction must be applied subsequ
to VCCSD to account for the beyond-valence or dynami
correlations. We apply a perturbative, second-order cor
tion based on our recently introduced similarity transform
perturbation theory.11,12

The resulting equations have the following general for

E@0#5EVCCSD, ~6!

E@1#50, ~7!

E@2#5^0u~11L!H̄ @1#~E@0#2H̄ @0#!21H̄ @1#u0&. ~8!

This correction contains terms involving single, doub
triple, and quadruple excitations, as discussed in de
elsewhere.11

Since our goal is to approximate CCSD efficiently, w
truncate this correction after the doubles terms, ignoring
computationally demanding triples and quadruples ter
which are not present in CCSD. We term this proced
VCCSD~SD!. Evaluation of the~SD! correction dominates
the computational time. Overall, the method scales
o2v2V2, whereo is the number of active occupied orbitals,v
is the number of active virtual orbitals, andV is the total
number of virtual orbitals. In separate future work we w
include the triples and quadruples terms to assess their ab
to directly approximate CCSD~2! ~Ref. 12! @which is equiva-
lent or superior to CCSD~T! ~Ref. 25!# from a VCCSD start-
ing point.

III. RESULTS AND DISCUSSION

The VCCSD~SD! method has been implemented in
developmental version ofQ-CHEM.26 A variety of tests has
been performed in order to determine the accuracy w
which VCCSD~SD! approximates standard CCSD resul
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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We also make some very preliminary tests of computatio
efficiency. Each of these is described below. In some ca
it is desirable to compare the results obtained w
VCCSD~SD! againsst those obtained from a method wh
the active orbitals are fully optimized~and therefore repre
sent the best choice of orbitals for such a method!. For this
reason, we also introduce VOD~SD!, which is equivalent to
VOD~2! ~Ref. 11! except that the perturbation correction
truncated as described above for VCCSD~SD!.

A. The VCCSD energy and the choice of active space

The performance of any active space method depe
critically upon the choice of the orbitals within that spac
Here, we address this issue in the context of VCCSD. Fig
1 plots the VCCSD and VOD energy~without the perturba-
tive correction! versus the active space size for water in
cc-pVDZ basis.27,28 In this example, the water molecule ha
been symmetrically stretched to 1.75Re , thereby increasing
the significance of the static correlation. The active sp
used is of the perfect-pairing~1:1! type until ten orbitals are
active. Beyond this point, all occupied orbitals are active,
only the active virtual space grows. With no active orbita
we obtain the Hartree–Fock result, and with all 24 orbit
active we have the CCSD result.

Focusing first on the VOD curve in Fig. 1, we see
dramatic gain in correlation energy at four active orbita
corresponding to the inclusion of a correlating virtual f
each pair of bonding electrons. Doubling the active sp
size to eight orbitals~the PP active space! adds in correlating
orbitals for the lone pairs and obtains significantly more c
relation energy. Although no rigorous partitioning of th
static and dynamical correlation exists, this chemically m
tivated active space translates into a suitable choice for
taining a sizable fraction of the correlation energy roug
corresponding to the static correlation at minimal cost. Alt

FIG. 1. Energies as a function of active space size for H2O, symmetrically
stretched to 1.75Re , in a cc-pVDZ basis as calculated with VCCSD using
orbitals, VCCSD using canonical orbitals, and VOD. The active space c
tains equal numbers of occupied and virtual orbitals until all five occup
orbitals are active, after which only virtual orbitals are added to the sp
The vertical dashed line marks the PP active space used in a sta
VCCSD calculation.
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natively, once might consider something like a ‘‘double-P
active space with 16 active orbitals instead of eight, there
providing three correlating orbitals to each occupied. In t
case, a double-PP active space would recover almost a
the CCSD correlation energy. However, exploration of su
extended active spaces will be the subject of future stud
For now, the remaining~dynamical! correlation will be ob-
tained with perturbation theory.

VCCSD with the IP-optimized orbitals behaves qualit
tively the same as VOD up through ten active orbitals~i.e., in
the regime in which IP is well defined!. Beyond ten active
orbitals, no more occupied orbitals remain to pair with ad
tional virtual orbitals, so subsequent active virtuals have li
chemical significance in the IP model. Correspondingly,
rate of correlation energy recovery drops dramatically. Th
the approximately optimized orbitals~from an IP calculation!
behave similarly to the fully optimized orbitals within the P
active space. As for VOD, this choice of active space b
ances efficiency and recovery of the correlation energy
contrast, if we use the canonical orbitals instead, the ac
space must be roughly twice as large to recover the s
portion of the correlation obtained with IP orbitals in the P
space, underscoring the importance of an optimized ac
space.

B. Potential energy surfaces and spectroscopic
constants of diatomic molecules

Next, we focus on the ability of VCCSD an
VCCSD~SD! to reproduce CCSD potential energy surfac
and properties. Consider, for example, the surface produ
by stretching the F2 bond, as shown in Fig. 2. Qualitatively
VCCSD~SD! reproduces the shape of the CCSD potent
though the absolute energy is somewhat in error. Howe
this absolute error in energy is, for the most part, unimp
tant in observable relative energies, as demonstrated be
First, we focus on the ability of VCCSD and VCCSD~SD! to
correctly mimic the CCSD potentials in calculating the spe

n-
d
e.
ard

FIG. 2. The F2 potential produced by stretching the F–F bond in a cc-pV
basis.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 01 Au
TABLE I. Root-mean-square errors with respect to CCSD for VCCSD~SD! and MP2 for first- and second-row
diatomic spectroscopic constants.Re is in Å, while the other properties are in cm21.

Re ve Be De ae vexe

MP2a 0.0083 89.2 0.077 13.231026 0.0139 2.55
VCCSDa 0.0086 43.1 0.143 10.431026 0.0067 2.83
VCCSD~SD!a 0.0040 21.8 0.020 2.8931026 0.0032 0.72

MP2b 0.0145 71.1 0.019 2.5931026 0.0034 1.02
VCCSDb 0.0193 37.2 0.0830 4.5331026 0.0076 2.81
VCCSD~SD!b 0.0085 13.7 0.005 1.4931026 0.0032 1.17

MP2c 0.0242 107.9 0.0321 6.6431026 0.0059 2.38
VCCSDc 0.0425 51.9 0.1379 6.6731026 0.0032 9.61
VCCSD~SD!c 0.0175 22.9 0.0190 2.1231026 0.0022 2.62

aIncludes: BF, BH, C2, CO, F2, HF, N2, NF, and NH, in the cc-pCVTZ basis.
bIncludes: AlCl, AlF, AlH, Cl2, CS, FCl, HCl, NP, P2 , SiO, and SiS, in the cc-pV~T1d!Z basis~Al–Cl! and the
cc-pCVTZ basis~H–F!.

cIncludes: BeO, BeS, Li2, LiH, MgO, MgS, Na2, NaF, NaH in the 6-311G(2d f ,2pd) basis.
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troscopic constantsRe , ve , Be , De , ae , and vexe for
the singlet ground-state first- and second-row diatom
molecules.

Five single-point calculations about the experimentalRe

values29 spaced 10 picometers apart were used for the
which was performed withPSI.30 In cases where the point
were not well centered about the experimental minimum
shifted set of points was used to obtain better results. Un
tunately, the target cc-pCVTZ basis27,31 is unavailable for
many of the elements in this study. Therefore, the cc-pVT
1d)Z basis32 and the 6-311G(2d f ,2pd) basis33,34were used
as well. For the purpose of calculating statistics, the diato
ics are divided into three groups based on the basis sets u
as explained in Table I. The first group of diatomics conta
BF, BH, C2, CO, F2, HF, N2, NF, and NH, the second grou
contains AlCl, AlF, AlH, Cl2, CS, FCl, HCl, NP, P2, SiO, and
SiS, and the third group contains BeO, BeS, Li2, LiH, MgO,
MgS, Na2, NaF, and NaH. We compare VCCSD, VCC
D~SD!, and MP2 results against CCSD results, since our
is to test the faithfulness of VCCSD~SD! to CCSD rather
than to concern ourselves with choosing appropriate b
sets for predicting experimental results. Mg2 is excluded
from the study because it was found that each theory
dicted widely different bond lengths ranging from 4.5 to 7
Å, none of which was near the experimental value of 3.89
Further study of this molecule is beyond the scope of t
paper.

Table I contains the root-mean-square~rms! errors for
MP2, VCCSD, and VCCSD~SD! as compared to the CCSD
g 2002 to 136.152.193.23. Redistribution subject to A
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results for each group of diatomic molecules and each sp
troscopic constant. For almost every constant, VCCSD~SD!
results are a factor of 2 to 4 better overall than their cor
sponding MP2 results. Note particularly the success
VCCSD~SD! in predicting harmonic frequencies, rotation
constants, and centrifugal distortion constants as comp
to MP2. The anharmonic and coupling constants pro
slightly more difficult for VCCSD~SD!. The second and third
groups of anharmonic constants are the only categorie
which MP2 has a lower rms error than VCCSD~SD!, prima-
rily due to AlH, for which VCCSD~SD! is 3.4 cm21 ~15.5%!
off and Li2, for which it is 6.1 cm21 in error. However, the
other VCCSD~SD!-calculated properties of AlH are in fairly
good agreement with CCSD, so this case is not too sign
cant. Moreover, the error in Li2 is large but qualitatively
correct. In contrast, MP2 predicts the wrong sign for th
constant. The largest errors for VCCSD~SD! occur in the
third group, which contains molecules with alkali and alk
line earth metals. This is not surprising, since the PP ac
spaces for these elements are quite small. Neverthe
VCCSD~SD! generally outperforms MP2 even in thes
cases.

One molecule, AlCl, deserves closer examinatio
VCCSD~SD! has particular difficulty with AlCl, as shown by
the results in Table II. The fit for AlCl was performed o
points every 10 picometers from 2.100 113 to 2.140 113
rather than the standard five single points centered abou
experimental equilibrium bond length~2.130 113 Å!. In any
case, VCCSD~SD! does not correctly reproduce the potent
TABLE II. Predicted spectroscopic constants for AlCl in the cc-pV(T1d)Z basis.Re is in Å, while the other
properties are in cm21.

Re ve Be De ae vexe

MP2 2.136 411 489.9 0.242 51 0.23831026 0.001 50 1.87
VCCSD~SD! 2.113 053 517.5 0.247 90 0.22831026 0.001 93 0.78
VOD~SD! 2.115 792 492.7 0.247 26 0.24931026 0.001 54 1.86
CCSD 2.137 953 490.1 0.242 16 0.23631026 0.001 49 1.99
Experimenta 2.130 113 481.3 0.243 93 0.25031026 0.001 611 1.95

aValues taken from Ref. 29.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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surface. For comparison, VOD~SD! was run to determine
whether the problem stems from the partitioning of the c
relation energy or whether it is due to the difference betw
IP orbitals and fully optimized orbitals~as in VOD!. We see
that while VOD~SD! does fix the problem somewhat, esp
cially in ve and vexe , the other properties still differ sub
stantially from CCSD. Apparently, AlCl does not lend itse
well to a partitioned description of its correlation energy,
least in the perfect-pairing active space.

In contrast to the fairly systematic improvement of t
results going from MP2 to VCCSD~SD!, the uncorrected
VCCSD behaves quite inconsistently. Although in a fe
cases it performs reasonably well, it generally fluctuates
nificantly, leading to rather large rms errors as shown
Table I. For example, VCCSD improves upon the MP2 d
scription of harmonic frequencies, but it errs grossly in t
rotational constants. The anharmonic constants are also
in most cases. The valence correlation alone is insufficien
quantitatively describe potential energy surfaces and their
sociated spectroscopic constants~although it is of course bet
ter than no correlation at all!.

We also present Tables III and IV containing the act
computed values ofve and vexe , which are representativ
of the best and worst cases for VCCSD~SD!. For harmonic
frequencies, the largest VCCSD~SD! errors are roughly 50

TABLE III. Calculated harmonic frequenciesve using MP2, VCCSD,
VCCSD~SD!, and CCSD. CCSD value is the calculated one, while ot
columns are errors relative to CCSD. All values are in cm21. The molecules
are grouped by basis set as described in Table I and in the text.

MP2 VCCSD VCCSD~SD! CCSD

BF 23.47 225.91 15.00 1427.36
BH 67.46 290.10 26.56 2367.86
C2 22.83 29.62 46.54 1891.93
CO 2101.77 26.38 16.79 2233.30
F2 0.51 257.95 13.10 1020.64
HF 234.26 214.04 6.12 4214.75
N2 2226.73 237.73 6.62 2434.33
NF 22.01 20.26 34.50 1243.21
NH 60.36 249.40 211.30 3357.84

AlCl 20.22 28.38 27.37 490.10
AlF 213.61 29.73 0.56 801.94
AlH 28.61 269.63 215.67 1672.66
Cl2 13.88 263.20 18.13 572.21
CS 227.71 28.14 4.42 1359.65
FCl 23.25 21.54 224.43 813.55
HCl 32.39 241.28 26.48 3027.38
NP 2196.82 235.27 3.86 1400.05
P2 278.26 253.37 6.68 821.09
SiO 286.14 25.37 5.82 1290.01
SiS 219.18 218.74 20.94 778.90

BeO 2146.68 220.05 9.70 1583.17
BeS 218.01 223.44 7.64 1020.36
Li2 212.13 0.67 23.81 353.09
LiH 30.07 2112.09 217.38 1416.22
MgO 282.72 8.77 55.46 746.49
MgS 30.78 247.99 29.37 527.46
Na2 22.23 21.20 8.55 159.28
NaF 23.02 29.95 22.74 578.41
NaH 30.37 290.84 215.05 1158.69
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cm21 for C2 and MgO. In contrast, MP2 has errors of ov
100 cm21 or more for several molecules, including CO, N2,
NP, and MgO. In the last case, the VCCSD~SD! error is
one-fifth the size of the MP2 one. For uncorrected VCCS
the errors are smaller than those for MP2, but larger errors
the order of 50 cm21 or more are quite common, includin
most of the hydrides, N2, P2, and MgS. While MP2 and
VCCSD~SD! tend to give fairly good results for a range o
molecules with intermittent exceptions, VCCSD gives m
diocre or poor results for a large number of cases. Lookin
the harmonic constants in Table IV, we again see that
most molecules the methods are fairly good, though ea
has its exceptions. Notably, VCCSD predicts the wrong s
of vexe for AlCl, MgS, and Na2. Actually, in the case of
Na2, CCSD, MP2, and VCCSD all predict a negativevexe .
The experimental value, however, is 0.725 cm21. Only
VCCSD~SD! gets the appropriate sign even if it is abo
twice as large as the experimental value. The largest M
error is MgO, at 4.0 cm21, while the largest VCCSD error is
26.5 cm21 for MgS, and the largest VCCSD~SD! error is 6.1
cm21 for Li2. Overall, while the difference between VCCS
D~SD! and MP2 is less clear here, VCCSD~SD! performs as
well as or slightly better than MP2 on the whole.

In summary, VCCSD~SD! successfully reproduces th
full CCSD spectroscopic properties of first- and second-r

r
TABLE IV. Calculated anharmonic constantsvexe using MP2, VCCSD,
VCCSD~SD!, and CCSD. CCSD value is the calculated one, while ot
columns are errors relative to CCSD. All values are in cm21. The molecules
are grouped by basis set as described in Table I and in the text.

MP2 VCCSD VCCSD~SD! CCSD

BF 0.14 20.88 0.30 11.12
BH 22.17 26.67 0.66 48.30
C2 21.14 20.97 20.27 12.42
CO 0.45 20.96 0.81 12.11
F2 20.58 2.35 20.91 9.81
HF 23.80 23.74 1.23 89.85
N2 4.45 20.38 20.09 13.27
NF 20.13 20.20 0.75 9.30
NH 24.19 22.31 0.67 75.54

AlCl 20.12 23.11 21.21 1.99
AlF 20.44 20.27 0.16 4.06
AlH 0.25 8.57 3.37 21.64
Cl2 0.05 0.14 20.14 2.33
CS 20.20 0.20 0.13 6.02
FCl 20.25 0.73 20.51 4.56
HCl 21.45 20.03 20.20 52.23
NP 2.85 1.68 1.24 6.20
P2 0.86 20.25 20.19 2.54
SiO 0.06 20.32 0.08 5.35
SiS 0.02 0.24 0.51 2.28

BeO 1.69 20.89 0.26 11.07
BeS 21.98 20.96 20.53 6.44
Li2 23.21 0.91 6.10 1.79
LiH 22.37 23.62 22.03 25.14
MgO 4.05 3.35 1.36 0.66
MgS 21.49 226.49 1.48 2.76
Na2 20.52 21.61 2.55 20.69
NaF 20.14 20.44 0.06 3.36
NaH 23.06 210.00 3.10 14.66
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 01 Au
TABLE V. Reaction energies for isogyric reactions in the aug-cc-pVDZ basis. Errors are relative to C
results. Energies are in kcal/mol. Reactions taken from Ref. 35 and the geometries from Ref. 36.

Reaction MP2 VCCSD VCCSD~SD! VOD~S! CCSD

CO1H2→CH2O 23.085 1.589 23.773 23.289 22.432
N213H2→2NH3 239.192 226.329 240.436 240.827 240.325
C2H21H2→C2H4 250.923 240.190 251.000 251.389 253.750
CO214H2→CH412H2O 260.706 251.571 265.353 264.137 266.246
CH2O12H2→CH41H2O 263.954 256.129 263.901 263.734 263.659
CO13H2→CH41H2O 267.039 254.541 267.674 267.023 266.092
HCN13H2→CH41NH3 276.505 260.811 277.205 277.233 279.291
H2O21H2→2H2O 2137.678 2142.786 2139.381 2139.191 2136.010
HNO12H2→H2O1NH3 2181.830 2178.817 2180.785 2180.347 2178.307
C2H213H2→2CH4 2110.558 291.631 2109.311 2109.339 2113.645
CH2(1A1)1H2→CH4 2133.405 2118.912 2126.818 2126.544 2125.228
F21H2→2HF 2143.647 2148.854 2141.691 2141.502 2138.327
2CH2(

1A1)→C2H4 2207.175 2186.397 2195.326 2195.138 2190.562

Mean absolute error 4.044 10.316 2.224 2.114
rms error 5.851 11.902 2.630 2.507
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diatomic molecules. VCCSD~SD! is clearly superior to MP2
bond lengths, harmonic frequencies, rotational constants,
centrifugal distortion constants, and as good or better for
anharmonic and vibration–rotation coupling constants.

C. Relative energies

To further test the faithfulness of VCCSD~SD! to
standard CCSD, reaction energies for a series of 13 isog
reactions35 were calculated with MP2, VCCSD
VCCSD~SD!, VOD~SD!, and CCSD using accurate equilib
rium geometries,36 the results of which are shown in Table V
Once again, we see a substantial improvement in accu
relative to CCSD in going from MP2 to VCCSD~SD! and
VOD~SD! in terms of the mean absolute error and the ro
mean-square deviations. In fact, VOD~SD! and VCCSD~SD!
behave rather similarly, though VOD~SD! does slightly bet-
ter on the whole, as would be expected. More importan
VCCSD without the perturbative correction is clearly unab
to accurately reproduce the relative energies of these r
tions. The first reaction energy even has the wrong sign.
itself, the valence space calculation is an insufficient mo
for the correlation energy. For four of the 13 reactions, M
actually gets closer to the CCSD results than VCCSD~SD!,
but in most cases the difference between the two method
rather small. Overall, VCCSD~SD! seems to satisfactorily
reproduce CCSD reaction energies.

A more sensitive test of the accuracy of any method is
ability to accurately predict small relative energies such
g 2002 to 136.152.193.23. Redistribution subject to A
nd
e

ric

cy

-

,

c-
y

el
2

is

s
s

torsional barrier. As an example, we focus on the torsio
barrier of ethane rotating from theanti to gaucheconfigura-
tions. Table VI compares the results for the torsional bar
of ethane for MP2, VCCSD~SD!, VOD~SD!, and CCSD with
multiple basis sets. Once again, VCCSD~SD! @and
VOD~SD!# performs much better than MP2 relative to th
CCSD results, with errors of roughly half a percent vers
2%–3% for MP2. Although in this case the absolute err
are rather small, the faithfulness of VCCSD~SD! to CCSD is
encouraging. In contrast, VCCSD seems to perform rat
erratically, sometimes doing very well and sometimes beh
ing more like MP2, demonstrating once again the importa
of the perturbative correction.

D. Benzene and symmetry

Using a strong local correlation approximation for th
valence correlation energy is known to sometimes introd
artifacts in computed potential energy surfaces. One cla
example is that both IP and PP-GVB predict broken symm
try in benzene—that is, they predict alternating longer a
shorter bonds as a stable structure as a result of the loca
tion procedure and the restrictions placed on the clu
amplitudes.18 This deformation can be represented as a
viation of the bond angles from 60 deg to alternating ang
of 601f and 602f. What impact, if any, does the use o
these IP orbitals have on VCCSD~SD!?

The results of such calculations are shown in Fig.
where the energy of benzene is calculated versus the de
are
TABLE VI. Torsional barrier of ethane underanti to gaucherotation with increasing basis set size. Energies
in kcal/mol. Percent errors relative to CCSD are in parentheses.

cc-pVDZa aug-cc-pVDZa cc-pVTZa

MP2 3.744 ~3.13! 3.570 ~2.21! 3.447 ~2.01!
VCCSD 3.603 ~20.74! 3.586 ~1.03! 3.371 ~20.24!
VCCSD~SD! 3.610 ~20.55! 3.485 ~20.20! 3.364 ~20.45!
VOD~SD! 3.597 ~20.92! 3.473 ~20.54! 3.349 ~20.89!
CCSD 3.630 3.492 3.379

aReference 27.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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mation anglef. The VCCSD~SD! results for the deformation
of benzene correctly restore symmetry to benzene. Thi
because excitations from one localized bonding orbital
allowed to occur to localized antibonding orbitals on oth
sites in the VCCSD calculation, thereby returning to the p
ture of delocalized bonding. Thus, we see no serious co
quences from using the IP orbitals for VCCSD~SD! in this
case where the IP potential surface itself is incorrect.

E. The Cope rearrangement

Having demonstrated the performance of VCCSD~SD!
on simple systems, we shift our attention to a more diffic
example: the Cope rearrangement. This reaction has bee
focus of many studies at different theoretical levels includ
semiempirical, DFT, and multireference methods.37–41 Un-
fortunately, the results of many of these studies contradic
one another both qualitatively and quantitatively, and o
recently has the controversy been mostly resolved.42 The dif-
ficulty arises because of the very flat energy landscape a
a C2h cut in the potential energy surface that connects a
intermediate atR51.64 Å and an aromatic transition state
R52.19 Å.38,40 One way of exploring the success of vario
levels of theory in this reaction is to follow theC2h cut of the
surface between these two structures. Both RHF and U
are inadequate since RHF cannot properly describe
diradicaloid species involved, and UHF overestimates
stability of such species.42 Studies also suggest that corr
lated methods based on HF such as CCSD converge sl
with classes of excitation included.43 Therefore, multirefer-
ence methods have become standard in most of the acce
studies. As shown in the works cited above, a six-electr
six-orbital CASSCF calculation incorrectly places a sm
barrier between these two structures along theC2h cut. The
active space used includes the twop bonds and ones bond
explicitly involved in the rearrangement. However, they ha
shown that the addition of dynamical correlation throu
multireference perturbation theory eliminates this barr
and predicts the true transition state for the Cope rearra

FIG. 3. Deformation of benzene and symmetry breaking. Calculations
formed in a 6-31G* basis~Refs. 44, 45! and with radial distances fixed a
the MP2/6-31G* level. The symmetry-breaking angle is described in t
text.
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ment ~the minimum on thisC2h cut of the surface! to occur
near 1.85 Å with a transition state barrier height of rough
31 kcal/mol above hexadiene~the diyl and aromatic specie
lie at 33 and 35 kcal/mol, respectively!.40 This drastic change
in behavior has been attributed to the dynamical correc
allowing the sigma-bonding framework to relax during t
reaction.43 In a sense, this can be thought of as a triple ex
tation involving two activep electrons and an inactives
one.

In this paper, we apply VCCSD and VCCSD~SD! to this
reaction and compare against CCSD and the multirefere
methods. All calculations are performed at CASSCF~6,6!-
optimized geometries using the 6-31G* basis at 11 geom-
etries, with the interallylic distance ranging from 1.64 to 2.
Å along theC2h potential energy surface. In each case,
stricted orbitals are used. VCCSD~SD! and related methods
all use the PP active space, which contains 34 electrons i
orbitals for this system.

Figure 4 plots theC2h potential energy surface as ge
erated using CASSCF~6,6! and MRMP2, IP, VCCSD, and
VCCSD~SD!. In the figure, the MRMP2 minimum and en
points were estimated from Ref. 40 and a smooth funct
interpolated between. The energies given are relative to
energy of hexadiene for each method. As discussed pr

r-

FIG. 4. C2h cut along the Cope rearrangement potential energy surface.
CASSCF~6,6! and MRMP2 results are compared to IP, VCCSD, VCC
D~SD!, and CCSD in the 6-31G* basis using the CCSD optimized geom
etries. Except for CASSCF, all the active space methods use the PP a
space. The bond lengthR is the distance~in Å! between the two allyl groups
in the chair structure, and energies are relative to hexadiene in kcal/mo
shortR is the diyl intermediate, and at longR is the aromatic species. Th
MRMP2 data were estimated from Ref. 40.
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ously, CASSCF~6,6! places an unphysical barrier betwe
the two intermediates. Not too surprisingly, IP perform
poorly on this surface. We see two distinct states in t
region: one roughly corresponding to the diyl and the ot
to the aromatic intermediate. Presumably, the occurrenc
the second, lower-energy state in the aromatic region
problem due to broken symmetry in the orbitals for the a
matic species, just as in benzene. The interesting ques
becomes, can VCCSD overcome this broken symmetry a
the benzene example? If we simply follow the lowest state
all times, the answer is no. VCCSD as calculated from th
orbitals, though smoother than the IP surface, still dem
strates a kink where the orbitals break symmetry. In contr
if we follow the symmetric~diyl! solution, VCCSD produces
the smooth curve shown in Fig. 4. This curve is qualitativ
similar to the MRMP2 surface,40 except that the minimum on
these two curves is rather long~occurring at just over 2 Å
instead of 1.85 Å!, and the relative energies of the end po
intermediates are flipped~though the actual differences a
only a few kcal/mol—well within the model errors!. Despite
the failure of the IP model, the orbitals so obtained are s
ficient for VCCSD to obtain approximately the correct sha
and relative energies of the intermediates as compared to
minimum, as long as one remains on the symme
preserving IP surface. Unfortunately, the energy of th
states relative to hexadiene is much too high; VCCSD pla
the reaction transition state at roughly 46 kcal/mol~the mini-
mum of theC2h surface!, in sharp disagreement with th
approximately 31 kcal/mol reported by Kozlowskiet al.40

Presumably, a better description could be obtained
including dynamical correlation. In the present context,
examine the effects of a partial treatment of dynamical c
relation in the form of VCCSD~SD!, the results of which are
plotted in Fig. 4. Indeed, we see that the transition st
barrier is lowered to about 41 kcal/mol~still high!, but the
aromatic species is much lower than the diyl one. Moreo
although the minimum moves to shorter interallylic d
tances, it is still longer than MRMP2. Although the pertu
bative singles and doubles terms are largely sufficient to
scribe the aromatic species, the more difficult diyl spec
presumably requires higher-order excitations in order to
described accurately. These results agree fairly well w
those from CCSD, though CCSD shows a smaller differe
between the two end points and a slightly shorter transi
state. Thus, although the VCCSD~SD! surface is lacking as
compared to MRMP2, we see that it is reasonably simila
CCSD, even in this difficult case.

Once again, we have demonstrated that VCCSD~SD! is
rather faithful to CCSD, even in a very sensitive syste
Unfortunately, in this example both methods are lack
compared to higher level calculations. Intriguingly, we not
that in many senses, the pure valence space contributio
VCCSD gives a better description of the surface than eit
CASSCF~6,6! or VCCSD~SD!. This behavior could arise
from either of two key effects: the increased size of the
tive space relative to the CASSCF calculations, or the
complete treatment of dynamical correlation in the trunca
perturbative correction~SD!. We hope to report on a mor
extensive analysis of these issues in the near future.
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F. Timings

As discussed in the Introduction, the purpose of this
per is to assess the capability of a valence-based metho
approximate CCSD. Future work will more fully exploit th
potential efficiency of this approach. For the moment,
content ourselves with a simple preliminary comparison
the efficiency of such a method against standard meth
VCCSD~SD! and CCSD calculations on a growing line
alkane chain in the cc-pVDZ basis were performed and
timings noted, as is plotted in Fig. 5. In all molecules
this set, the VCCSD~SD! calculation ~including the time
required to obtain the IP orbitals! is faster than the full CCSD
calculation. The savings become more pronounced at la
system sizes, as expected. By comparing the timings
VCCSD~SD! with and without the IP calculation, one ca
see that obtaining the IP orbitals does not correspond to
large a fraction of the total computational time, which w
one of the major goals of this study. Of course, the cost of
MP2 calculation is still far below that of the VCCSD~SD!
calculation. The next step, which we hope to report on in
future, is to apply local correlation approximations to bo
the valence part of the problem and the second-order cor
tion to generate a method well suited to treating larger s
tems.

IV. CONCLUSIONS

This study has explored the validity of partitioning th
correlation energy into static and dynamical contributions
approximate a correlation method~CCSD! which makes no
such distinction. Such an approximation has the potentia
be significantly more efficient if it is sufficiently accurate
Our model uses CCSD in the perfect-pairing active sp
of all valence electrons, plus a truncated perturbative~2!
correction for nonvalence single and double substitutio
If appropriately optimized orbitals are employed, th
VCCSD~SD! model approximates full CCSD fairly satisfac
torily for spectroscopic constants, structural properties, re

FIG. 5. Comparison of timings on growing linear alkane chains for vario
methods in the cc-pVDZ basis. In this figure, IP-VCCSD~SD! refers to the
time of both the IP calculation and the VCCSD~SD! calculation, while
VCCSD~SD! includes only the actual VCCSD~SD! steps.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tive energies, and in the Cope rearrangement. Residua
viations are likely to be largely the result of neglected effe
of coupling between the correlation effects in the valen
and nonvalence space. Having demonstrated that such a
proach can be successful, future work will be directed
wards efficient local correlation treatments based on
framework.
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